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Abstract 

We present full phase stabilization of an amplified Yb:fiber femtosecond frequency comb using an 
intra-cavity electro-optic modulator and an acousto-optic modulator. These transducers provide 
high servo bandwidths of 580 kHz and 250 kHz for f rep and f ceo , producing a robust and low phase 
noise fiber frequency comb. The comb was self-referenced with an / — 2f interferometer and phase 
locked to an ultra-stable optical reference used for the JILA Sr optical clock at 698 nm, exhibiting 
0.21 rad and 0.47 rad of integrated phase errors (over 1 mHz - 1 MHz) respectively. Alternatively, 
the comb was locked to two optical references at 698 nm and 1064 nm, obtaining 0.43 rad and 0.14 
rad of integrated phase errors respectively. 
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One of the most important and demanding applications of a femtosecond (fs) frequency comb 
(FC) has been in high-precision frequency metrology where phase stabilization of carrier 
envelope offset (/ ceo ) an d the repetition rate (f rep ) are required to analyze and disseminate 
optical frequency standards [lj. Fiber-based frequency combs are desirable due to robust and 
high power operation with low phase noise [2j |3] , and ability to connect optical standards to 
telecom bands in a single step [4]. Eliminating phase noise in fiber based frequency combs 
is also essential for coherent high harmonic generation [5]. 

Frequency combs used for optical clockwork are actively stabilized using an optical fre- 
quency reference and self-referencing, relying on feedbacks to pump power of the oscillator 
and piezo-electric transducer (PZT)-actuated cavity mirrors to work on f ceo and f rep . This 
method of stabilization has proven to be successful for fiber-based FCs and can support mHz 
relative optical line-widths [2] and coherent optical transfer over more than one spectral oc- 
tave [4]. Recent success in eliminating broadband phase noise in a Yb:fiber oscillator [6] and 
broad bandwidth of electro-optical modulators (EOMs) in Er:fiber based oscillators [7HTT] 
make it desirable to apply these techniques for a Yb:fiber oscillator. 




FIG. 1. (a) A schematic of the oscillator. The oscillator includes an intra-cavity EOM and an AOM 
before the linear chirped pulse amplifier, (b) The oscillator output spectrum, shown in blue, is 
centered at 1050 nm and spans ~ 50 nm. A highly nonlinear fiber with flattened dispersion at 1050 
nm is used to generate octave spanning spectra, shown in red. YDF, ytterbium doped fiber; SA, 
saturable absorber; PCF, photonic crystal fiber; SHG, second harmonic generation; DM, dichroic 
mirror; ISO, optical isolator; FBG, fiber bragg grating; WDM, wavelength division multiplexer; 
SC, supercontinuum; NRPO, 1064 nm laser. 



In this Letter, we report on full phase stabilization of a Yb:fiber fs FC using an intra- 
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cavity EOM and an extra-cavity acousto-optic modulator (AOM). This combination gives 
the largest simultaneous servo bandwidth for both f ceo and f rep stabilization, providing 
operational flexibility and long-term robustness and making the fiber comb valuable for 
optical clocks. The use of external AOM, which acts only on f ceo |12| . also provides an 
orthogonalization between the two feedback loops. The achieved phase noise integrated over 
a large bandwidth (1 mHz - 1 MHz) is among the lowest on record. 

The FC used in our experiment, sketched in Fig. [TJ is based on a Fabry- Perot-type 
Yb-similariton oscillator mode-locked with a sub-ps lifetime saturable absorber mirror and 
dispersion compensated by a chirped fiber Bragg grating for operation in the similariton 
regime pUJ]. We introduced an anti-reflection coated 1 mm long LiTaC>3 crystal to the 
free-space section of the laser cavity to serve as an EOM. The net laser cavity dispersion 
was balanced close to zero, but slightly positive to preserve mode-locking in the similariton 
regime for increased passive stability. 

To minimize amplitude-to-phase noise conversion generated by self phase modulation in 
the fiber amplifier, we used a linear chirped-pulse amplification scheme. To this end, we 
obtained 2 W of power and sub-80 fs pulses with f rep = 168 MHz, determined by frequency- 
resolved optical gating. After amplification, the light was launched into a 18 cm piece 
of highly nonlinear, flattened dispersion fiber centered at 1050 nm (NKT Photonics NL- 
1050-ZERO-2). This produced nearly flat, octave-spanning spectra, making it an ideal tool 
to interface with current optical clocks, including the Sr optical lattice clock operating at 
698 nm [1] . Fig. [I] contains a schematic of the oscillator, the oscillator spectrum and the 
super-continuum. 

Before we fully stabilized the FC, we reduced the residual intensity noise (RIN) of the 
oscillator. Similar in approach to Ref. [6], a home-built fiber-coupled detector with a flat 
frequency response to 4 MHz was used to detect the intensity noise. The correction signal 
was filtered and applied to the current of the oscillator pump diode. By reducing RIN from 
the oscillator, the free running line-width of the f ceo beatnote was dramatically narrowed 
from 70 kHz to sub-10 kHz, an effect not previously observed from RIN reduction in the 
oscillator. To our knowledge, this is the narrowest and most stable free running f ceo beatnote 
from a fs FC. We also observed reduced phase noise on optical beats at 698 and 1064 nm. 
Fig. [2] shows the RIN servo performance demonstrating substantial intensity noise reduction 
with a unity gain crossing at ~ 600 kHz, as well as the free running f ceo signals with the 
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FIG. 2. (a) The RIN PSD is shown with the servo on/off. (b) The free running f ceo linewidth 
dramatically narrows when the intensity noise is reduced, limited by a 10 kHz resolution bandwidth 
(RBW). 

RIN servo on and off, respectively. 

To verify the performance of the intra-cavity EOM as a frequency transducer, a single 
comb tooth was loosely phase locked via PZT to a 1064 nm nonplanar ring oscillator (NPRO) 
with f ceo free running. The EOM was driven by a high voltage power supply that can produce 
1 kV peak to peak modulation up to 1 MHz. Modulations outside the servo bandwidth were 
applied and the power in the modulation sidebands were measured on the same heterodyne 
beat signal. From 38 kHz to 500 kHz, the power in the modulation sideband exhibits a 
-2 dependence, where u is the modulation frequency. This is consistent with the expected 
Jf((3) dependence, where (3 is the phase modulation index and Jf(fl) is the first order Bessel 
function. Using the electro-optic coefficients of LiTaC>3 from |15j . the amplitude of phase 
modulation per applied voltage agreed to within 10% of the expected value. Using the RIN 
detector, it was verified that there was negligible amplitude modulation generated by the 
EOM. A single comb tooth was successfully phase locked to the 1064 nm NPRO using the 
EOM, and the PZT was used to keep the EOM within its dynamic range. A servo bandwidth 
of ~ 390 kHz was obtained, limited by a piezo electric resonance in the EOM at ~ 580 kHz. 
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Pump current modulation primarily affects f ceo but can also change f rep via various 
nonlinear mechanism [8]. In our system, the pump current was used to reduce intensity 
noise of the oscillator, making it unavailable for dynamic f ceo control. The addition of an 
AOM was necessary in order to provide an ideal f ceo actuator. To obtain phase-lock, the 
f ceo beat was bandpassed and sent to a digital phase detector to generate an error signal. 
The signal was filtered and sent to a voltage-controlled oscillator centered at 200 MHz to 
drive the AOM. Slow feedback was applied to the temperature of the fiber Bragg grating, 
used as the output coupler of the oscillator, to tune the cavity dispersion and thus f ceo . A 
servo bandwidth of 250 kHz was obtained using the AOM, most likely limited by acoustic 
wave propagation delay in the AOM. 

To fully stabilize the FC, f ceo and f rep need to be controlled simultaneously. f ceo was 
stabilized with the AOM. Instead of directly stabilizing f rep , a single comb tooth was phase 
locked to the JILA Sr optical lattice clock laser at 698 nm [TJ] using the intra-cavity EOM 
and a PZT mirror. The beat signal was bandpassed and a digital phase detector provided 
the error signal. To analyze the servo performance, the in-loop phase noise power spectral 
density (PSD), S^(f) [rad 2 /Hz], was measured and integrated to determine the total phase 
error. The f ceo and 698 nm phase lock contain 0.21 rad and 0.47 rad residual phase error re- 
spectively when integrated from 1 mHz to 1 MHz. Fig. [3] (a,b) displays the phase error PSD, 
integrated RMS phase noise, and beat spectra of the phase-locks. Using the relation [16], 

where rj is the fractional power remaining in the coherent carrier of the phase-lock, the f ceo 
phase-lock exhibits r] = 0.96 and the 698 nm phase-lock exhibits rj = 0.8. When integrated 
from 1 mHz to 1 kHz, the 698 nm and f ceo have phase errors of 1.6 mrad and 3.3 mrad, 
showing excellent phase noise suppression around the carrier. 

To further demonstrate the versatility of the FC, we implemented an equivalent method 
for stabilization by phase locking two comb teeth to two different optical references, forgoing 
the use of an f—2f interferometer [T7] . By locking two independent comb teeth to two optical 
references, both comb degrees of freedom are stabilized. To test stabilization performance 
using this method, we phase locked the FC to both the 698 nm ultra-stable laser and a 1064 
nm NPRO. The EOM/PZT actuator phase locked the 698 nm beat and the AOM phase 
locked the 1064 nm beat. Fig. [3] (c) contains the phase noise PSD and the beat spectrum of 
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FIG. 3. The phase noise PSD (left column, left axis), the integrated RMS phase noise (right axis), 
and the heterodyne beat spectra (right column) of the in-loop phase-lock errors. In (a) and (b), full 
phase stabilization is achieved with optical phase-lock at 698 11m (a) and self-referencing phase-lock 
of fceo (b). In (c), full stabilization is achieved with optical phase-locks at 1064 nm and 698 nm, 
and the 1064 nm in-loop analysis is shown. The phase noise integration was performed from 1 mHz 
to 1 MHz. The beat signals are shown with 1 kHz RBW. 

the 1064 nm phase-lock. The 698 nm lock exhibited similar performance when co-stabilized 
with f ceo . Again, low integrated phase noise was achieved with 0.43 rad and 0.14 rad of 
phase error in the 698 nm and 1064 nm phase-locks respectively, when integrated from 1 
mHz to 1 MHz. This corresponds to both locks having 77 = 0.83 and 0.98. This scheme 
demonstrates that the FC transfers coherence throughout the entire spectrum, making it 
well suited for interfacing with various optical standards. 

In conclusion, we present a fully phase stabilized Yb:fiber FC using an intra-cavity EOM 
and extra-cavity AOM. We used current modulation of the oscillator pump diode to reduce 
RIN while still maintaining dynamic control of f ceo via the AOM. An intra-cavity EOM was 
successfully introduced inside the laser cavity, providing an extra high bandwidth actuator on 
optical phase-locks. Two equivalent methods of complete phase stabilization were evaluated 
with excellent locking performance, demonstrating that optical coherence can be established 
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anywhere within the generated supercontinuum, and thus making it a versatile tool for 
frequency metrology. Funding for this work is provided by NIST and DARPA. A. Ruehl 
acknowledges support from a European Community Marie Curie Fellowship. 
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